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ABSTRACT
We investigate the possibility of accommodating neutrino masses compatible
with the MSW study of the Solar neutrino deficit within the minimal supersym-
metric Standard Model. The “gravity-induced” seesaw mechanism based on an
interplay of nonrenormalizable and renormalizable terms in the superpotential al-
lows neutrino masses mν ∝ m2u/MI , with mu the corresponding quark mass and
MI ≃ 4 × 1011 GeV, while at the same time ensuring the grand desert with the
gauge coupling unification at MU ≃ 2× 1016 GeV. The proposed scenario may be
realized in a class of string vacua, i.e., large radius (R2/α′ = O(20)) (0, 2) Calabi-
Yau spaces. In this case M2U = M
2
C/O(2R2/α′) and MI = O(e−R
2/α′)MC . Here
MC = g × 5.2× 1017GeV is the scale of the tree level (genus zero) gauge coupling
(g) unification.
PACS # 12.10,11.15,11.17
Precise data from the LEP experiments indicate that the gauge couplings of the
Standard Model meet atMU ≃ (1−4)×1016 GeV in the minimal supersymmetric
extension of the Standard Model.
1
Another set of intriguing data arise from the
Solar neutrino experiments. The deficit of Solar neutrinos can most efficiently be
explained through the MSW
2
mechanism of matter-enhanced neutrino oscillations.
In particular, current data favor
3
the mass splitting of the electron and muon
neutrinos to be ∆m2 ≡ |m2νµ − m2νe | ≃ (2 − 5) × 10−7eV2 if the mixing angle
θνµνe ≃ O(θC), where θC is the Cabibbo angle. For arbitrary mixing angles the
nonadiabatic MSW solution favors ∆m2 ≃ (1− 16)× 10−7eV2.
In many grand unified theory (GUT) models the lepton mixing matrix Vℓ and
the Cabibbo-Kobayashi-Maskawa matrix VCKM are predicted to be approximately
equal
4
. However, these same models predict me/mµ ≃ md/ms (≃ 1/20), which
fails by an order of magnitude. Small perturbations on the models which rescue
this mass relation
5
may also modify the mixing angle predictions. In theories with
no explicit intra-family unification VCKM and Vℓ are not expected to be equal,
but could well be of the same order of magnitude. We will assume sin2 2θνµνe ∼
sin2 2θC ∼ 0.18 for the central value in our discussion, but will consider the entire
range 4× 10−3 − 1 allowed by the nonadiabatic MSW solution. Assuming mνµ ≫
mνe , the corresponding values of mνµ are (5 − 7) × 10−4eV for θνµνe ∼ θC and
(3− 40)× 10−4eV for general θνµνe .
In the GUT seesaw scenario
6
masses of light neutrinos are given by mνe,µ ≃
c m2u,c/MI , where mu,c are the corresponding quark masses and c ≃ 0.05− 0.09 is
a factor due to the renormalization down to the low energy scale
3
. This implies
that MI ≃ (4 ± 3)× 1011 GeV, the central value corresponding to θνµνe ∼ θC . If
the same scale applies to the third family, then mντ ≃ c′m2t /MI could be in the
2
cosmologically interesting 10 eV range, with νµ–ντ oscillations observable in the
laboratory.
Each of the two sets of experimental data has an elegant theoretical expla-
nation. Unfortunately, the two theoretical models are mutually exclusive at first
glance. In the minimal supersymmetric Standard Model, there is a “grand desert”
up toMU ≃ (1−4)×1016 GeV. Within this theory, the implementation of a naive
seesaw mechanism would indicate that mνe,µ ≃ cm2u,c/MI , with MI ∼ (10−2 −
1)MU ∼ (1−4)×1015±1 GeV, which is too small to be compatible with the favored
experimental data and the MSW
scenario
3
. Actually, in GUT models, in order to obtain a nonzero MI with
MI ∼ MU one has to introduce large Higgs representations (e.g., the 126 of
SO(10)).
The aim of this note is to implement the neutrino masses in the minimal super-
symmetric Standard Model in such a way that there is still a grand desert with the
gauge coupling unification atMU ∼ (1−4)×1016GeV, while the effective scaleMI
governing the neutrino masses is in the range of (4±3)×1011 GeV. We are proposing
a “gravity-induced” seesaw mechanism (an extension of a mechanism proposed by
Nandi and
Sarkar
7
), realized through an interplay between the nonrenormalizable and renor-
malizable terms in the superpotential, as the origin of the neutrino masses. The
essence of the idea is based on a supersymmetric theory with an extended gauge
symmetry, which contains an additional sterile neutrino (a Standard Model sin-
glet), and a restricted representation of the Higgs fields. Such fields break the
extended gauge symmetry at the scale MU . However, they cannot give the sterile
neutrino a large Majorana mass proportional to MU through the renormalizable
3
(cubic) terms in the superpotential. On the other hand, through the nonrenormal-
izable (e.g., quartic) terms of the superpotential, which are suppressed by a scale
MNR > MU , such Higgs fields can give a Majorana mass of orderM
2
U/MNR < MU .
The origin of the nonrenormalizable terms is best motivated in theories which
include gravity, e.g., Kaluza-Klein theories and superstring theory. In this case the
exchange of heavy modes with masses of order the Planck mass MP l in general
induce nonrenormalizable terms with MNR = O(MP l). Thus, we shall call the
proposed scenario the gravity-induced seesaw. In the case of MU ∼ 2× 1016 GeV
andMNR ∼MP l/
√
8π ∼ 2×1018 GeV one hasMI ∼ 2×1014 GeV, which is about
two to three orders of magnitude too large to be compatible with the favored MSW
data. However, if such nonrenormalizable terms are suppressed by an additional
factor 10−2 − 10−3, one can obtain the desired MI ∼ 1011 − 1012 GeV.
Such a scenario can be accommodated within a GUT theory with restricted
Higgs field representations; e.g., the SO(10) gauge group without 126-plets of
Higgs fields
8
. For a broad class of simple GUT models
4
, VCKM ≃ Vℓ. On the
other hand, extended gauge symmetries based on a product of simple groups and
U(1) factors (e.g., the Standard Model with additional U(1)’s and/or left-right
symmetric gauge symmetry) with restricted representations of the Higgs sector
can also accommodate the gravity-induced seesaw mechanism. However, in this
case, the relation between VCKM and Vℓ is less obvious.
One can demonstrate the gravity-induced seesaw in an explicit (minimal) model
with all the essential features. We choose the enhanced gauge symmetry, SU(3)C×
SU(2)L×U(1)Y ×U(1)Y ′, where Y is the ordinary weak hypercharge. The matter
consists of the particle content of the minimal Standard Model as well as of the
Standard Model singlets, Li, S1 and S¯1. Li supermultiplets with i = (1,2,3) contain
4
a sterile neutrino which accompanies each of the three families. S1 and S¯1 contain
the Higgs fields which break the enhanced gauge symmetry with VEV’s of order
MU .
Consistent with the anomaly constraint we choose the following values for the
Y ′ charges: quark SU(2)L doublets, u
c
L quarks and e
c
L leptons have (-1), lepton
doublets and dcL quarks have (+3), Li and S1 have (-5), S¯1 has (+5), while Higgs
doublets H(1,2) have (-2) and (+2), respectively
9
. In the neutrino sector, the only
renormalizable terms allowed in the superpotential are of the type W = LiνiH2.
Terms of the type LiνiS1 or LiLiS1 are not allowed by the quantum numbers.
These constraints yield the following contribution to the neutrino mass matrix:
[
0 m
m 0
]
, (1)
where m is proportional to the V EV of the Higgs doublet H2. Since H2 gives mass
to the quarks as well, m is of the order of the corresponding quark masses unless
there is a large difference in the magnitude of the Yukawa couplings. On the other
hand, the only allowed nonrenormalizable term in the superpotential with a leading
contribution to the neutrino mass matrix is of the type WNR = LiLiS¯1S¯1/MNR
10
.
This modifies the neutrino mass matrix:
[
0 m
m MI
]
, (2)
where MI = M
2
U/MNR. The quantum numbers prevent the contribution of any
non-renormalizable term to the νν and νL masses that would be of the order of
MKU /M
K−1
NR for any K > 1.
5
As seen in the above model, the gravity-induced seesaw can be accommodated
by an interplay of the renormalizable and nonrenormalizable terms in the superpo-
tential, which takes place because of a restricted representation of the Higgs sector.
While such a scenario is appealing on its own terms, we would like to motivate its
origin. Study of the effective Lagrangian of superstring vacua provides a natural
framework for the restricted representation of the chiral supermultiplets. One can
also shed light on the origin of the nonrenormalizable terms in the superpotential,
which in string theory arise due to the exchange of massive modes.
Let us first illustrate the neutrino mass pattern in the example discussed by
Nandi and Sarkar
7
with a gauge group G ∈ E6 and all the chiral supermultiplets
(i.e., those which contain quarks, leptons and Higgs particles) arising from 27-
plets of E6. The renormalizable superpotential is of the type WR = 27i27j27K ,
where quarks and leptons arise from 27i,j and Higgs vacuum expectation values
(VEV’s) from 27K . If one assumes that all the exotic quarks acquire large masses
due to the large VEV’s of the Standard Model singlets S1 and S2, while the Higgs
doublets in 27K account for the masses of the ordinary quarks and leptons, this
constrains
7
the mass matrix of the five neutral fermions (ν,N,Nc, νc, L) to be of
the form: 

0 0 MU1 m1 0
0 0 MU2 0 m1
MU1 MU2 0 m2 m3
m1 0 m2 0 0
0 m1 m3 0 0


. (3)
Under the SU(3)L×SU(3)R×SU(3)C subgroup of E6, the neutral fields (ν,N,Nc, νc, L)
are a part of a (3, 3¯, 1) multiplet with the following entries:


N
Nc ν
νc L

. MU1
6
and MU2 are masses due to the VEV’s of the Standard Model singlets and m1,2,3
are the light masses, related to the quark masses, which are due to the Stan-
dard Model Higgs doublets. The mass matrix (3) does not have a large Majorana
mass along the diagonal of the lower two components. There is a heavy sector
with large masses MU (N
c and (ν +N)/
√
2)), a light sector with masses of order
m ((ν − N)/√2) and (νc − L)/√2)), and an ultra-light Standard Model singlet
((νc + L)/
√
2)) with mass of order
7
m2/MU ; this pattern is clearly incompatible
with experiment.
However, nonrenormalizable terms could provide (along with the renormaliz-
able ones) a derived seesaw pattern. Within the E6 gauge group there may be
terms in the superpotential of the type WNR = 27i27j27K27L/MNR, which can
account for the heavy Majorana masses.
7
Namely, the mass matrix (3) becomes


0 0 MU1 m1 0
0 0 MU2 0 m1
MU1 MU2 0 m2 m3
m1 0 m2 MI1 MI2
0 m1 m3 MI3 MI4


(4)
with MI =M
2
U/MNR.
Corrections to the pattern (4) are scaled by
7
MI/MU ∼ MU/MNR and have
been neglected.
11
Such terms are expected to appear due to the exchange of heavy
modes. Again MI is somewhat too large for, say, MU ∼ 2×1016 GeV and MNR ∼
1018 GeV. As we point out later, in superstring theory one can shed light on the
magnitude of the nonrenormalizable terms of the superpotential in a quantitative
way,
12,13
and thus account for an additional suppression factor.
The above example is based on the constraints of the E6 gauge group and the
7
27 representations. In order for this scenario to be compatible with the grand
desert scenario of the minimal supersymmetric Standard Model, a number of other
constraints have to be satisfied: (i) the gauge couplings have to meet at MU ≃
(1− 4)× 1016 GeV, (ii) below MU the gauge group has to be the Standard Model
group
14
, and (iii) the particle content contributing to the running of the gauge
couplings has to be that of the minimal supersymmetric Standard Model.
In superstring theories these constraints place conditions on the string vacuum.
Perhaps the most difficult to satisfy (with no existing example available) is (iii).
Generically, (2, 2) string vacua, e.g., Calabi-Yau manifolds with gauge and spin
connection identified, possess a large number of additional multiplets. In particular,
for vacua without Wilson lines, the gauge group is E6, with 27’s, 27’s, and 1’s of
E6. Some of the particles in these multiplets acquire large masses if there are flat
directions in the space of specific string vacua. Finding flat directions
15,16
allows
one to give large VEV’s to fields in a particular set of 27’s and 27’s, which in turn
can give mass to some of the unwanted massless multiplets. At the same time, E6
is broken down to SO(10) or SU(5). Explicit examples of such directions have been
found in blown-up orbifolds
17,18
as well as for a class of Calabi-Yau manifolds
19
based on Gepner’s
20
construction.
Flat directions of (2,2) vacua provide one with a new class of ((0,2)) string
vacua. In such vacua a large number of unwanted modes become heavy; however,
the gauge group is still a simple GUT group (SO(10) or SU(5)). Since the matter
supermultiplets are in the fundamental representation or singlets of the gauge
group,
21
this prevents one from breaking the simple GUT groups down to the
Standard Model, thus contradicting the constraint (ii).
This problem can be remedied by the introduction of Wilson lines on the com-
8
pactified space, allowing a breakdown of the simple gauge group (E6, SO(10),
or SU(5)) to a direct product of simple groups and U(1)’s. It is in general pos-
sible
22,19
to introduce Wilson lines which break the gauge group down to the
Standard Model. At the same time, this procedure decouples a large number of
unwanted modes. Since there is no grand unification in the 4-dimensional theory
one does not expect observable proton decay, and the relationship between VCKM
and Vℓ is lost.
Thus, a viable scenario which could satisfy constraints (ii) and (iii) is to con-
struct (2,2) string vacua with flat directions as well as Wilson lines. However, there
exists no explicit construction of such a supersymmetric string vacuum which would
contain only the minimal Standard Model particle spectrum.
The next issue to be addressed is the value of MC , which is the scale at which
the gauge couplings g, as determined at the tree level of the string theory, are
equal. MC is determined
23
in the DR scheme by the value of the Planck mass
MP l and of the gauge coupling g in the following way:
MC =
e(1−γ)/2
√
2
33/4
√
πα′
= g× e
(1−γ)/2
33/44π
MP l = g× 0.043MP l = g× 5.2× 1017 GeV. (5)
where γ = 0.57722 is the Euler constant, g2 = 32π/(α′M2P l), with g defined ac-
cording to the GUT convention
24
and MP l = 1.2× 1019GeV.
For the expected value g ∼ 0.7 this is one order of magnitude too large com-
pared with MU ∼ (1 − 4) × 1016 GeV, which is the scale of the gauge coupling
unification of the minimal supersymmetric Standard Model. However, threshold
effects, i.e., genus one corrections to the gauge couplings, can split the gauge cou-
plings atMC , thus in principle allowing for an effective unification scaleMU < MC .
9
Explicit calculations of the threshold corrections for a class of orbifolds are given in
Refs. 23,25. Extensive study
26
of threshold corrections in orbifolds indicate that
MU < MC if the massless spectrum satisfies certain constraints compatible with
the target space one-loop modular anomaly. In such examples one would obtain
MU = O(e(−cR2/α′))MC when the orbifold radius is large (R2/α′ ≫ 1 ). The posi-
tive coefficient c depends
26
on the modular weights of the massless states. As we
shall see later, the heavy Majorana mass turns out to be MI = O(e−c′R2/α′))MC .
In order to ensure MU ∼ 1016 GeV and MI ∼ 1012GeV , this in turn involves
detailed constraints on coefficients c and c′.
In the following, we shall pursue a different approach, i.e., study of smooth
Calabi-Yau spaces. For simply connected (2,2) Calabi-Yau manifolds the nature
of threshold corrections is different. Such spaces possess the E6×E8 gauge group,
and the compactified space corresponds to the smooth Calabi-Yau manifolds with
the radius of compactification being large, i.e., in the conformal field theory lan-
guage this corresponds to the (2,2) string vacuum with large VEV’s for all the
moduli. In this case the massive modes of the string theory do not contribute to
the threshold corrections
27
, and thus the gauge couplings do not have corrections
proportional to the powers of the moduli VEV’s. Instead, such corrections are
milder, only logarithmic in the VEV’s of moduli. The threshold corrections for
Calabi-Yau spaces (with only one modulus
27
as well as for arbitrary number of
moduli
28
) are of the form:
∆
(
16π2
g2
)
∼ −bN=1G ln(T + T ∗), (6)
where the real part of the T field corresponds to an overall value of large moduli,
i.e., T + T ∗ = O(2R2/α′)≫ 1, where R is the radius of the compactification and
10
α′ is the string tension. bN=1G is related to the one loop N = 1 beta function βG
for G = E6 or E8 as βG = bGg
3/16π. Since threshold corrections (6) to the gauge
coupling of each of the gauge groups are proportional to the corresponding N = 1
beta function, this implies that the slope of the running gauge couplings is not
changed. However the effective gauge coupling unification scale is lowered:
M2U =
M2C
(T + T ∗)
= O( M
2
C
2R2/α′
) (7)
The above results apply only to simply connected Calabi-Yau spaces. The gauge
group E6 can be broken if Wilson lines are introduced. In this case the contribution
of the massless states to the threshold corrections has not been studied, yet. We
proceed with the assumption that the nature of the threshold corrections is still of
the type (6). From (7) one then sees that for R2/α′ ∼ O(20) the gauge unification
scale is lowered to MU ∼ 6 × 1016 GeV, which is slightly too large. However,
equation (7) relatesM2U to R
2/α′ only by orders of magnitude. Thus, an additional
factor of 2 in the relation of an overall modulus ReT to R2/α′ enables one to obtain
MU in the preferred range 4× 1016 GeV.
We turn now to neutrino masses. In particular, we would like to address the size
of the nonrenormalizable terms. In string theory the magnitude of the coefficient
MNR is proportional toMC . However, one can prove explicitly
13
that for all (0, 2)
string vacua the nonrenormalizable terms are suppressed by an additional factor
e−R
2/α′ , i.e., the origin of the nonrenormalizable terms is due only to worldsheet
instanton effects. This is a general stringy result, proven explicitly on (blown-up)
orbifolds
12
as well as in sigma model perturbations
13
of Calabi-Yau manifolds.
Therefore:
1
MNR
=
O(e−R2/α′)
MC
. (8)
11
By choosing vacuum expectation values along the flat direction to be MC ( the
only natural scale in the four-dimensional string vacuum) nonrenormalizable terms
of the type (4) yield the heavy Majorana mass:
MI =
M2C
MNR
= O(e−R2/α′)MC . (9)
It follows from (7) that we need R2/α′ = O(20) in order to achieve MU ∼ 1016
GeV. In this case MI ∼ 10−8MC ∼ 1010 GeV. Although these are only order
of magnitude statements, it is instructive to set the coefficients in (7) - (9) equal
to unity. In that case the range MI ∼ (4 ± 3) × 1011 GeV suggested by the
Solar neutrino deficit implies R2/α′ ∼ (13 − 15), yielding a slightly too large
MU ∼ 7× 1016 GeV.
To summarize, the desired scale of the gauge coupling unificationMU ∼ 2×1016
GeV and the scale of Majorana neutrino masses MI ∼ 4 × 1011 GeV, may be
achieved
29
for a superstring vacuum, corresponding to a (0, 2) Calabi-Yau obtained
by deforming a (2, 2) smooth large radius Calabi-Yau space along the exactly flat
directions. The radius of the compactification has to be in the range R2/α′ =
O(20), allowing for M2U = M2C/O(2R2/α′) and MI = O(e−R
2/α′)MC . We believe
it is intriguing that one can obtain MU and MI in the desired range on the basis
of fairly general stringy arguments.
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